Introduction
[2] Long Valley Caldera (LVC), a 15 Â 30 km 2 ovalshaped collapse crater in eastern California (Figure 1 ), is a volcanic system that was active from $4 Ma until the last eruptions $0.1 Ma (see Bailey et al. [1976] , Bailey [1989] , Hildreth [2004] , and Hill [2006] for more about the volcanic history). The historic record, however, shows no observable deformation or significant earthquake activity between 1905 and the onset of the current state of unrest beginning in the late 1970s [Hill, 2006; Castle et al., 1984] .
[3] The recent unrest at LVC is characterized primarily by the uplift of the resurgent dome and recurring earthquake swarms beginning with an M L = 5.8 earthquake on 4 October 1978 [Savage et al., 1981; Ryall and Ryall, 1983; Hill, 2006] . Synchronous with the onset of seismicity, was the initiation of ongoing episodic uplift. Over the past 30 years, LVC has accumulated $80 cm of the uplift centered on the resurgent dome ( Figure 1 ) and produced multiple sequences of earthquake swarms in the south moat ( Figure 1 ). The tools to measure the ongoing deformation have changed with time, going from initial leveling and regional triangulation [e.g., Savage and Clark, 1982; Castle et al., 1984] to local electronic distance measurements (EDM) [Langbein, 1989 [Langbein, , 2003 Langbein et al., 1993 Langbein et al., , 1995 and to campaign and continuous Global Positioning System (GPS) measurements [Webb et al., 1995; Marshall et al., 1997; Dixon et al., 1997; Newman et al., 2006] , and interferometric synthetic aperture radar (InSAR) imaging [Fialko et al., 2001; Newman et al., 2006; Tizzani et al., 2007] . With these tools the character of uplift has been identified to consist of periods of episodic accelerated uplift, periods of steady slow inflation, and shortterm small-amplitude deflations. The cause of LVC's recently renewed activity remains unclear; however, the location of LVC along a left step in the dextral Eastern California Shear Zone (ECSZ) likely plays an important role in maintaining pathways for magmatic activity [Hill, 2006] . Because both the nature of seismicity and deformation reveal details about the ongoing subsurface processes, we briefly review the history of both through five episodes of accelerated dome growth (1979-1980, 1983, 1989 -1990, 1997 -1998 and 2002-2003) . The most recent, and previously undocumented, 2002 -2003 episode occurred with a level of GPS coverage not available in previous episodes, illuminating interactions between the resurgent dome and the Mono-Inyo volcanic chain (Figure 1 ) outside of the caldera. This episode is the focus of this paper.
[4] Leveling, which was the major contributor to the early observation, revealed a rapid uplift of at least 25 cm at the resurgent dome in 1979-1980 [Savage et al., 1981; Savage and Clark, 1982; Castle et al., 1984] . During this episode, four M L ! 6 earthquakes on 25-27 May 1980 led the most intensive and vigorous earthquake sequence so far in LVC [Ryall and Ryall, 1983; Denlinger and Riley, 1984; Hill, 2006] . In 1980 -1982, LVC continued a steady inflation with additional 10 cm uplift [Castle et al., 1984] . On 7 January 1983, a large earthquake swarm including two M L = 5.3 events marked the second episode of uplift acceleration [Savage and Cockerham, 1984; Langbein, 2003; Hill, 2006] . The uplift of the resurgent dome increased to $40 cm by August 1983 [Castle et al., 1984] .
[5] Two-color EDM measurements began in 1983 and repeated daily to subannually across the resurgent dome, and other regions in and around the caldera [Langbein, 1989] . EDM results documented a long-term slowing inflation with a gradual decrease in the displacement rates from 20 mm/a in 1984 to near zero in mid-1989 across the resurgent dome, as measured between stations CASA and KRAK (Figure 2 ) [Langbein, 1989; Langbein et al., 1993] . The corresponding seismic activity also declined to a relatively low level through this period Hill, 2006] . A short period of slight deflation through mid-1989 was recorded by EDM, which coincided with an 11-month-long swarm of small earthquakes under Mammoth Mountain (Figure 1 ) on the southwest rim of the caldera Hill, 2006] .
[6] The third episode (1989 -1990) started with a dramatic increase of displacement rate to 70 mm/a in late 1989 throughout the first quarter of 1990, which was followed by a markedly increased seismicity two months later in early January 1991 . The rate decreased to 30 mm/a in April 1990 and was fairly steady at this rate through 1995, before slowing down through 1996 and dropping to less than 10 mm/a by the end of April 1997 Langbein, 2003; Hill, 2006] . Earthquake swarms still resumed in the south moat when the rate slowed down in mid-1990 mid- and 1996 mid- [Langbein et al., 1993 Hill, 2006] .
[7] The fourth episode (1997 -1998) began between midApril and late June 1997 as an exponential increase in the deformation rate with a $60-day time constant [Newman et al., 2001] , 2003] . Interestingly, the peak in seismic moment release (in several $M 5 earthquakes), was coincident with the transition from exponential growth increase, to an exponential growth decay in late November, culminating in approximately 10 cm of uplift [Newman et al., 2001; .
[8] A permanent network of continuous GPS stations, most of which were established in 2000, recorded the most recent episode, which started in early 2002 and ended in early 2003, after a 4-year period of slow subsidence from 1998 through the end of 2001. The accumulative uplift for this episode is $3.5 ± 0.8 cm estimated from the vertical displacement of site RDOM near the center of the resurgent dome, which compensated and exceeded the previous 4-year subsidence of $2 cm. Interestingly, no significant increase in seismic activity was observed during this period; however, we detect an opening mode of the Mono-Inyo craters volcanic chain in this period.
[9] The 30 years of observations show uplift and seismicity are not directly coupled neither temporally nor spatially, but do interact with each other. As an example, the 2002 -2003 uplift occurred without an obvious increase in seismicity, while a vigorous 1996 earthquake swarm accompanied no uplift. When seismicity and deformation were observed to be temporally correlated, like the 1989 -1990 and 1997 -1998 episodes, the onset of an increased seismicity came $2 months later than the onset of the uplift [Newman et al., 2001; Langbein, 2003; Hill et al., 2003] . In examining the occurrence of both seismic increases and periods of quiescence, we find that periods of significant anomalous seismic quiescence occur just prior to the onset of uplift in each of the 1989-1990, 1997 -1998, and 2002 -2003 (Figure 2) .
[11] The data were processed using the JPL-GIPSY software, and were obtained from the USGS at http://quake. wr.usgs.gov/research/deformation/gps/auto/LongValley/. The data are reduced to daily positions in the 2000 International Terrestrial Reference Frame (ITRF2000) relative to a stable North American plate. The precision of the data is $3 mm in horizontal and $8 mm in vertical. Unfiltered data are available from 1996, while filtered data with the seasonal common mode signal over the regional network removed [Hammond and Thatcher, 2007; Wdowinski et al., 1997; Langbein, 2008] are available from 2000.
[12] We use the unfiltered data, which extend back to 1996, to establish the baselines between the reference station, KRAK, and other GPS sites (Figure 3) . KRAK is the second GPS station installed at LVC after CASA [Dixon et al., 1997] and is much less influenced by the geothermal power production at the Casa Diablo Hot Springs than CASA [Langbein, 1989; Sorey et al., 1995; Howle et al., 2003] . Because much of the noise is removed using local baselines, these results can be considered similar to the available filtered results from the USGS. The resulting baseline data show an obvious rapid change in most stations during early 2002 through early 2003. Compared to the exponential uplift in 1997 -1998, the 2002-2003 uplift is quite small, about 1/3 of the size.
[13] To get the local deformation of LVC, we further remove the effect of a rigid Sierra Nevada block relative to the stable North American plate from the regionally filtered data using the Euler vector (17.0°N, 137.3°W, rotation rate 0.28°/Ma) defined by Dixon et al. [2000] . Transitions associated with the onset and cessation of the most recent uplift episode are gradual and long-lasting and hence are difficult to precisely determine from the daily GPS solutions. Thus, we chose a 1-year time period between 1 January 2002 to 31 December 2002 to roughly represent the episodic uplift event. Further refinement of this episode is not likely because the end points are during a period of significant snow cover, and hence sparse and noisy temporal data coverage. Assuming a constant uplift rate throughout the episode we estimated the approximate linear three dimensional deformation rates using a nonlinear weighted least squares algorithm (T. Williams et al., Gnuplot-An interactive plotting program, Gnuplot manual version 4.2, 2007).
[14] The error estimate of the rate is important for the completeness of rate evaluation and understanding the level of noise. Two error sources commonly associated with GPS are time-uncorrelated white noise and time-correlated colored noise [Mao et al., 1999] . The time-correlated noise can be described by power law models, such that the power density is related to frequency by f Àn , where f is frequency and n is the spectral index [Williams, 2003; Langbein, 2004] . Generally, n is 1 for flicker noise Mao et al., 1999] and 2 for random walk noise [Langbein and Johnson, 1997] . A background noise model including white, flicker and random walk noise is used to estimate the standard error in rate. The amplitude of each noise component for all 17 stations is obtained from regionally filtered data between 2000 and 2008 (see Appendix A). The uncertainties for evenly spaced data contributed from white , flicker [Bos et al., 2008] , and random walk noise are calculated by
respectively, where n is the number of data points, T is period of observation in years, DT is the sampling period in years; a w , a fl , and a rw are the amplitudes of white, flicker, and random walk noise, and (sr) w , (sr) fl . and (sr) rw are the standard errors in rate from white, flicker, and random walk noise.
[15] The total error of the rate from all the three contributors can be calculated by
The estimates for the displacement rates and 95% confidence errors for the 17 regional GPS sites during 2002-2003 are shown in Figure 2 . Most horizontal rates show a radially symmetric pattern about the western part of the resurgent dome, which is attributed to the pressure source beneath LVC. Four stations outside the caldera (PMTN, JNPR, MINS, and LINC) largely deviated from the radial pattern. In the region west of the caldera, the influence of the relatively stronger Sierra Nevada bedrocks (as identified by an increase in seismic P velocity by $20% in Sierran crystalline bedrock to the south and west of the caldera [Foulger et al., 2003] ) are affecting the deformational field, hence these data are removed from analysis to avoid introducing additional errors. All stations are weighted equally B06403
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with the exception of the CASA/CA99 and KRAK/KRAC pairs which were each assigned half weighting to account for collocation.
[16] The maximum uplift of this 2002 -2003 episode is approximately $3.5 ± 0.8 cm as determined by uplift at site RDOM, which, as its name suggests, is the closest station to the center of the resurgent dome. This uplift event compensates for subsidence after the 1997-1998 episode, resulting in approximately 80 cm of total uplift since the late 1970s.
Analytical Models
[17] Since Savage and Clark [1982] performed the first model of a small spherical pressure source [Mogi, 1958] , hereafter Mogi model, in LVC using leveling data, numerous modeling efforts have been performed on the first four uplift episodes and interim periods. On the basis of these results, two magmatic sources and two seismogenic sources are recognized to have contributed the surface deformation in LVC [e.g., Hill, 2006] . The two magmatic sources are a primary inflation source beneath the resurgent dome, and an additional deeper inflation source beneath the south moat. The two seismogenic sources are a set of WNW striking right-lateral faults within the south moat seismic zone (SMSZ), and a set of NNE striking left-lateral faults forming a 10-km-wide zone within the Sierra Nevada block just south of the caldera. The orientations of these two strike-slip fault sets indicate a local ENE extension in LVC [Hill, 2006] were observed during this period, thus slip-induced deformation along the south moat is not significant during this time.
[18] The source of previous inflation episodes has been suggested to be a combination of partially molten magma and hydrous fluids [Hill, 2006] , and there is no evidence to suggest this episode is different. The existence of partial melt at shallow depths in the LVC is supported by the volcanic history of LVC [Bailey et al., 1976; Bailey, 1989] , the seismic refraction data [Hill, 1976; Hill et al., 1985] , the tomographic inversions [Dawson et al., 1990; Steck, 1995; Sanders et al., 1995; Weiland et al., 1995] , and strongly suggested by changes in gravity associated with the 1997 -1998 episode [Battaglia et al., 1999] .
[19] A simple Mogi model is first tested to locate the inflation source by fitting the GPS data. The Mogi model is an analytic solution for a spherical pressure source, which represents a uniformly pressurized spherical cavity in a homogeneous elastic half-space, and is valid for a relatively small radius compared to its depth [Mogi, 1958] (Figure 4a ). With the pressure P replaced by the volume change DV and the source radius a using the relation P = mDV/pa 3 [McTigue, 1987] , the number of free parameters can be reduced to four (3 components of source location, and volume change). To more fully describe the field of potential source locations, we used a grid search across a wide range of the four parameters to find the best fit models utilizing all three components of observed deformation. The best fitting solutions was determined from the combination of parameters that minimized the reduced chi-square, c r 2 (similar to that of Newman et al. [2006] ). Because c r 2 accounts for complexity of the input model, by reducing the weighted sum of the squared residual by the degrees of freedom, it is also a good indicator of the appropriateness of a given model, such that a result that approaches 1.0 theoretically has both an ideally suited model, and appropriately determined errors [Press et al., 1992] .
[20] Because of its simplicity, the Mogi model is a useful tool for initially assessing the location and approximate magnitude of an inflation source. However, it is appropriate to assess other models that may more accurately characterize the nature of the source or rheology, if adequate spatially dense data are available. The vertically dipping prolate spheroid model [Yang et al., 1988] , hereafter Yang model, has been found to more adequately characterize the deformation sources from the previous episodes [Fialko et al., 2001; Battaglia et al., 2003a Battaglia et al., , 2003b Langbein, 2003 ], therefore we additionally test its utility for the 2002 -2003 episode. The Yang model was developed as an arbitrarily dipping finite prolate spheroid pressure source model, which represents a uniformly pressured arbitrarily oriented prolate spheroid cavity of finite dimensions in a homogeneous elastic half-space (Figure 4b ). With the substitution of mDV/pab 2 for P, where DV is the volume change, a is the semimajor axis, b is the semiminor axis, and m is the shear modulus [Tiampo et al., 2000] , the Yang model requires seven free parameters to calculate the displacements at surface for a Poisson's solid (source location, volume change, axis ratio (b/a), and the dip and azimuth of the spheroid). Because previous models do not require a significant dip on the prolate spheroid geometry, we thus hold it fixed thereby removing two parameters (dip and azimuth). Similar to the method used for solving the Mogi model, we applied a grid search across a range of the remaining five free parameters to find the best fit parameter combination. While the overall shape of deformation is similar between the Mogi and a vertically dipping Yang model, subtle differences in the shape of both vertical and radial deformational fields increase as the Yang model becomes more prolate (Figure 4c ).
Model Results
[21] The parameters of the best fit Mogi and Yang models are summarized in Table 1 . Both best fit models explain up to 96% of the surface deformation. The c r 2 of both is about 1.9, suggesting our simple analytical models are appropriate for the observed deformation and the errors are realistic. While the c r 2 of the Yang solution is fractionally smaller than the Mogi solution, it is difficult to argue that it is enough to compensate for the increased model complexity. An F test is used to test whether the Yang model is significantly superior to the Mogi model (e.g., H. J. Motulsky and A. Christopoulos, Fitting models to biological data using linear and nonlinear regression. A practical guide to curve fitting, GraphPad Software Inc., San Diego, California, 2003, available at http://www.graphpad.com). F is defined as
where c 2 is chi-square, also known as the weighted sum of the squared residuals (WSSR), ndf is the number of degrees of freedom.
[22] We find an F ratio of 2.06 corresponding to a 16% likelihood that the improved fit is from random chance; hence either model may be considered appropriate for this episode. Both models suggest a similar source location and volume change, and because Yang model axis ratios near 1 (optimal b/a = 0.76), that of a sphere, thus the source geometry can also be considered highly similar. The volume change for this 1-year period, $0.02 km 3 , is comparable to $0.03 km 3 from previous studies; however, the depth from this study is 11 km and is somewhat deeper than $7-8 km suggested for previous sources.
[23] To test the sensitivity of best fit results to the change in model parameters, we fix either the horizontal position or the depth and volume change (and axis ratio for Yang model) at the best fit values to determine the chi-square distribution of the remaining parameters. The best fit locations are well constrained (Figures 5a and 6a) ; however, a tradeoff between depth, volume change, and ellipticity exists (Figures 5b, 6b , and 6c).
[24] To better assess the range of possible solutions dependent on station availability, we use a bootstrap method, randomly subsetting the data for both the Mogi and Yang models. For each of 10,000 iterations, 11 of 13 station locations were randomly selected and best fit locations were subsequently identified. Station pairs CASA/CA99 and KRAK/KRAC were colocated, and hence were treated as 1 location each. The distribution of best fit determinations yields a robust assessment of the probability distribution of the parameters for a given model. For the Mogi solution, we allow the four parameters (latitude, longitude, depth, and volume change) to vary simultaneously. However, for the Yang solution we preferred to utilize a two-step process, first fixing the axis ratio (b/a) at the best fit value to determine the simultaneous range of the horizontal position. Subsequently, we hold the horizontal position fixed at the best fit value and determine the parameter range for depth, axis ratio and volume change, for which there is a trade-off. The variability in each parameter is shown in Figures 5c -5f and 6d -6h. The 95% confidence is given in Table 1 .
[25] The model displacements are generally consistent with the GPS observations (Figures 7a and 7b ), except at 
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the four stations that were excluded from the model determinations (PMTN, JNPR, MINS, and LINC). The models overpredict deformation at these stations presumably because the Sierra Nevada bedrock west of the caldera is stronger (tomography from Foulger et al.
[2003]), and hence dampens the deformation outside the caldera.
[26] The residual velocities (Figures 7c and 7d ), which are obtained by subtracting the model prediction from the data, show some interesting features. The residuals of five station locations (BALD, KRAK/KRAC, RDOM, WATC, and MWTP) toward NE to ENE direction are consistent with the local ENE background extensional direction [Prejean et al., 2002; Hill, 2006] , while the residuals of three stations (DDMN, SAWC, and KNOL) shift 90°t oward the SE direction potentially influenced by transient activity along the Mono-Inyo chain (see section 5). CASA/CA99 located 1 km east of the Casa Diablo geothermal well field has been pulled westward at a rate of 3-5 mm/a by the local subsidence of the well field [Sorey et al., 1995; Howle et al., 2003; Langbein, 2003] , which could explain why the residual motion of CASA/ CA99 does not correspond with the observed NE-ENE extension.
Discussion

Opening Mode of Mono-Inyo Craters
[27] Adjacent to LVC is both Mammoth Mountain and Mono-Inyo craters (Figure 1) . These volcanoes form a 45-km-long north trending volcanic chain west of, and extending north of the caldera. Petrologic results show that these two systems are compositionally distinct from LVC [e.g., Bailey, 1989; Kelleher and Cameron, 1990] . While the chain penetrates the topographic boundary of Long Valley, the system lies outside the inferred ring faults of the caldera [Suemnicht and Varga, 1988; Hildreth, 2004] , and therefore they may derive from younger magma chambers not directly related to Long Valley chamber [Bailey, 1989; Hildreth, 2004; Hill, 2006] . However, the interrelation between the two systems is still not well known.
[28] In examining details of the eastern component of the GPS time series for baselines of sites that cross the Mono- (Figure 8a ). P648-P632 (Figure 8a ), a pair of plate boundary observatory (PBO) sites available from late 2006 are also included. The east-west component of the unfiltered GPS data is used to form five east-west baselines (Figure 8c ). Linear changes in the east-west baselines were determined using maximum likelihood estimator (MLE) [Langbein, 2004 [Langbein, , 2008 Table 2 with their standard errors (1s).
[29] For both the preinflationary and postinflationary periods, rates were positive showing that sites to the east are moving more eastward relative to those in the west, which can be interpreted as an opening mode of the MonoInyo chain. Marshall et al. [1997] similarly identified a possible Mono craters dike opening from a 5-year campaign GPS survey in -1994 . During 2002 , all eastward baselines were dominated by the uplift. After 2003, the rates again become constant, but at rates higher than those observed before 2002. To test whether the rates before 2002 are statistically significant from those after 2003, we apply a large-sample Z test for parallelism of the two lines [Kleinbaum and Kupper, 1978] . We first assume the slopes (rates) before 2002 and after 2003 are essentially the same as the null hypothesis and then test the probability of this assumption. Z is defined as
where _ u eb and _ u ea are the slopes/rates before 2002 and after 2003, S 2 _ u eb and S 2 _ u ea are the variances of the estimated slopes, calculated by
where n is the number of data points, S YÁX 2 is the residual mean square, S XX 2 is the variance of the independent variable X.
[30] Z, which corresponds to one p value, should have a normal distribution with zero mean and unit variance. If p = 0, then there is statistically zero chance of the two data sets having the same slope. In examining early and late eastward baseline, we find that p values are less than 10% for all but one baseline, where p value is 18% (Table 2) . Thus, extension rates across the Mono-Inyo chain before 2002 are statistically smaller and different than after 2003. Hence, the increased regional opening is likely real. We postulate that the change in rates is likely associated with either increases in the crustal elastic stress due to the increased inflation, or to interactive fluid pathways at depth that are common to both the resurgent dome and the MonoInyo chain. The same methodology was applied to north baselines: While the north DDMN-PMTN baseline rate was determined to be different at 95% confidence, the Z test showed 30%, 38%, and 94% likelihood that differences were due to random variability for the pairs BALD-PMTN, DDMN-JNPR, and BALD-JNPR. Because the Mono-Inyo chain is north trending, along with the subsurface dike [Fink, 1985] , extension is expected to be primarily east-west, and hence we do not further consider the ambiguous north-south baselines here.
[31] We examined the relative contribution of the recent transient inflation episode at Long Valley on the overall strain field of the Mono-Inyo chain using the six possible baselines resolved from four stations in the region (PMTN, JNPR, BALD, and DDMN; Figure 8a ). We separately examined the preinflation (2000 -2002), coinflation (2002 -2003), and postinflation (2003 -2007) . For each period we use subsets of three nonparallel baselines (avoiding subparallel pairs BALD-PMTN -DDMN-JNPR, and BALD-DDMN -PMTN-JNPR) to identify 12 sets of principle horizontal strain directions with their individual and average maximum extension directions, shown in Figure 8b (following Turcotte and Schubert [2002] ). The maximum horizontal extension directions during the inflationary period are in good agreement with each other, and the average is trending N48E, and can be described mostly from inflationary strain from the SE. However, horizontal strains determined before and after the inflationary episode are rotated by approximately 90°, with average maximum extension at S45E and S52E, respectively. The extension direction for these periods are in good agreement with the expected regional strain field north of the caldera due to the confluence of Sierra Nevada Block and Basin and Range extension [Bursik and Sieh, 1989; Prejean et al., 2002] . Over the past 40,000 years, Bursik and Sieh [1989] suggest that $1 mm/a of E-W extension is accommodated along the Figure 8a ). Eastward extension rates (mm/a) with standard errors are estimated using the maximum likelihood estimator (MLE) [Langbein, 2004 [Langbein, , 2008 . Gray bars are GPS data with errors. Thick solid lines are best fit. Positive rates indicate an increase in the east-west extension between sites.
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Mono-Inyo dike system. These modern results of between 1 and 3 mm/a observed here are comparable, but show extension to variable, both in direction and magnitude.
Seismic Indicators of Deformation Change
[32] Increased seismicity occurring approximately 2 months after the onset of inflation has been reported in both the 1989 -1990 and 1997-1998 episodes Dixon et al., 1997; Newman et al., 2001; Langbein, 2003; Hill et al., 2003] . The seismicity, which is thought to be an expression of a transition in the Eastern California Shear Zone, is predominantly along the south moat and other faults south of the caldera, and not collocated precisely with the inflationary source. However, changes in crustal stress due to caldera inflation undoubtedly have an effect on seismic activity, and may act to either increase activity by increasing shear stress along faults, or decrease it by increasing fault normal stresses. A precise determination of which of these is dominant requires a careful examination of relative fault orientations to the pressure source, and characterization of the stress changes along structural and strength boundaries (e.g., along ring boundaries).
[33] While such a characterization is beyond the scope of this paper, we empirically advance the observed relationship between the resurgent dome uplift and predominantly south moat seismicity. The earthquake data within the larger SMSZ (confined by the lower left point [À119.00°, While long-term changes in seismicity rate may occur from network changes, likely causing an increased observation bias with time, the short-term changes of interest are largely unaffected. We use a 30-day sliding window with 1-day step to compute the average activity. We compare these results to the CASA-KRAK EDM baseline, because it is the only continuous deformational data set available for each episode examined (1989 -1990, 1997 -1998, and 2002 -2003 ; Figure 9 ).
[34] For all episodes, including 2002 -2003 an episode with no large long-term increase in background seismicity, we observe a clear peak in seismicity during the maximum rate of uplift. The maximum periods of activity are shown against all SMSZ activity between 1984 and 2003 ( Figure 10 ). Seismicity catalog used here are relocated using waveform cross-correlation and double-difference methods, yielding improved hypocenter locations [Waldhauser and Schaff, 2008] . While seismicity is somewhat distributed spatially over the 20-year period, activity occurs predominantly along the SMSZ during both the 1997 and 2002 peaks in activity. During these peaks, not surprisingly, the largest earthquakes also occur: A series of M W $ 4.8 events occurred in late November 1997, and an M d = 3.2 occurred in early November 2003, all along the south moat.
[35] More surprisingly, we identified a uniquely anomalous seismic quiescence immediately prior to the onset of uplift during each episode. For each episode the seismic activity was at its absolute lowest in several years, immediately before an episode of uplift is observed. The decrease in seismicity for each quiescent period is actually lower than at any other time since the onset of the previous uplift event. episode, only one earthquake was recorded in SMSZ for a 30-day period, while for the preceding several years, between 20 and several hundred events were recorded monthly.
Conclusion
[36] The most recent 2002 -2003 uplift is part of the remarkable continued episodic dome growth at Long Valley Caldera that began in the late 1970s. This most recent period is similar to previous episodes of 1979 -1980, 1983, 1989-1990, and 1997 -1998 . A total uplift of $80 cm has accumulated on the resurgent dome. The 2002 -2003 episode is responsible for $3.5 ± 0.8 cm of uplift, which is about 1/3 the magnitude of the 1997 -1998 episode, but with a similar exponential shape. Whether the continued uplift over the past 25 years is a long-term transient (e.g., tumescence), or permanent dome growth due to magmatic intrusion remains unclear.
[37] Similar to previously observed episodes of inflation, uplift between 2002 and 2003 is primarily radial, and can largely be explained by a compact inflation source located $3 km west of the central resurgent dome. Spherical Mogi models and vertically dipping prolate spheroid Yang models are chosen to constrain the source location and geometry. For the Mogi source, the optimal source is located at À118.930°, 37.678°, and approximately 11 km depth. A trade-off between depth, volume change is observed, thus a depth range between 7.5 and 13.5 km and a volume change of 0.01-0.03 km 3 is observed at 95% confidence. The location and volume change for the Yang model are indistinguishable from Mogi model; however, a modest stretching of the source is preferred over the spherical Mogi geometry (b/a = 0.76). Both Mogi and Yang models explain up to 96% of the deformation characterized by the three orthogonal components of 13 continuous GPS stations. A small reduction of WSSR suggests a slight but potentially insignificant preference for the prolate spheroid Yang model. [39] Changes in the crustal stress regime immediately prior to and during the maximum rate of uplift may additionally be responsible for significant and consistent changes in the rate of seismic activity along the South Moat Seismic Zone. This is suggested by the observation that peak seismicity rates coincides with maximum inflation rates -well after uplift begins. Similarly, a significant episode of seismic quiescence is identified immediately prior to the onset of the uplift in each of the 1989 -1990, 1997 -1998, and 2002 -2003 episodes.
Appendix A
[40] Estimated amplitudes for white a w , flicker a fl , and random walk a rw noise for the regionally filtered data of 17 GPS sites in and near Long Valley Caldera (LVC) between (J. Langbein, personal communication, 2009 ) are given in Table A1 . Amplitude solutions are determined following the maximum likelihood estimator (MLE) methodology described by Langbein [2004] .
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